Aerodyne time-of-flight aerosol mass spectrometers (ToF-AMS) were deployed at two sites in southwestern Ontario from 17 June to 11 July 2007. One instrument was located at Harrow, ON, a rural, agriculture-dominated area approximately 40 km southeast of the Detroit/Windsor/Windsor urban area and 5 km north of Lake Erie. The second instrument was located at Bear Creek, ON, a rural site approximately 70 km northeast of the Harrow site and 50 km east of Detroit/Windsor. Positive matrix factorization analysis of the combined organic mass spectral dataset yields factors related to secondary organic aerosol (SOA), direct emissions, and a factor tentatively attributed to the reactive uptake of isoprene and/or condensation of its early generation reaction products. This is the first application of PMF to simultaneous AMS measurements at different sites, an approach which allows for self-consistent, direct comparison of the datasets. Case studies are utilized to investigate processing of SOA from (1) fresh emissions from Detroit/Windsor and (2) regional aerosol during periods of inter-site flow. A strong correlation is observed between SOA/excess CO and photochemical age as represented by the NO x /NO y ratio for Detroit/Windsor outflow. Although this correlation is not evident for more aged air, measurements at the two sites during inter-site transport nevertheless show evidence of continued atmospheric processing by SOA production. However, the rate of SOA production decreases with airmass age from an Correspondence to: J. P. D. Abbatt (jabbatt@chem.utoronto.ca) initial value of ∼10.1 µg m −3 ppmv −1 CO h −1 for the first ∼10 h of plume processing to near-zero in an aged airmass (i.e. after several days). The initial SOA production rate is comparable to the observed rate in Mexico City over similar timescales.
Introduction
Quantification of aerosol effects on climate (Albrecht et al., 1989; Twomey et al., 1984) , visibility (Eidels-Dubovoi, 2002; Pryor et al., 1997) , and health (Pope et al., 2006; Gamble, 1998; Peters et al., 1997 ) is complicated by uncertainties in particle sources and atmospheric transformations. In particular, major uncertainties have been demonstrated in the formation and evolution of secondary organic aerosol (SOA) in polluted regions (Volkamer et al., 2006) . Recently, significant advances have been made in identifying the role of gas/particle partitioning in SOA formation (Robinson et al., 2007) . Inclusion of these processes in SOA models has improved the agreement between modelled and measured SOA mass in polluted regions; however, discrepancies remain between modelled and measured particle properties (e.g. composition, volatility) ). There is a continuing need for direct ambient measurements for characterization and improved prediction of particle aging.
Studies of the atmospheric processing of aerosol have previously been conducted using methods such as mobile sampling platforms (e.g. Jimenez et al., 2009) , multiple stationary sites (e.g. Takegawa et al., 2006) , and fixed or mobile sites at which photochemical age is estimated utilizing the ratios of reactive hydrocarbons (e.g. Herndon et al., 2008; Roberts et al., 1984) or nitrogen-containing species (e.g. Kleinman et al., 2008; Takegawa et al., 2006) . Organic aerosol (OA) mass in Tokyo outflow was observed to increase by a factor of 4 to 5 within 8 to 16 h of emission using ground site measurements north of the city (Takegawa et al., 2006) . Aircraft measurements in the Mexico City urban plume showed a factor of 7 increase in OA within ∼35 km of the source region (Kleinman et al., 2008) . Observations in the anthropogenically-influenced eastern United States show source-to-receptor increases in OA on the order of a factor of 3 to 10 (Kleinman et al., 2007; Weber et al., 2007; Sullivan et al., 2006) .
The present study investigates aerosol processing from comparison of OA composition measurements by time-offlight aerosol mass spectrometers (ToF-AMS) at two locations in southwestern Ontario, Canada, during the 2007 BAQSMET (Border Air Quality Study-Meteorology) field campaign. OA composition is described using the Positive Matrix Factorization (PMF) factor analysis technique (Paatero et al., 1994) . Such analysis has been previously conducted on numerous AMS datasets (see for example Morgan et al., 2010; Ng et al., 2010; Slowik et al., 2010; Lanz et al., 2007) , typically resulting in a description of the SOA component as a linear combination of two oxygenated organic aerosol (OOA) factors: a more oxygenated, less volatile factor ("OOA-1") and a less oxygenated, more volatile factor sometimes associated with fresher aerosol ("OOA-2"). Aircraft measurements over Europe indicate an increase in the OOA-1/organics from ∼60% near-source to >80% (regional background) (Morgan et al., 2010) , with airmass age estimated from gas ratios (O 3 /NO x ). This is qualitatively consistent with aircraft measurements in the Mexico City outflow showing an initial increase in the OOA-1 and OOA-2 fractions in the first ∼3 h, with only the OOA-1 fraction increasing from ∼3 to ∼6 h , where the airmass age is estimated from meteorological factors and sampling locations. In the present study, atmospheric processing of OA is evaluated using both estimates of photochemical age from the NO x /NO y ratio and periods of flow between stationary ground sites.
A central goal of the BAQSMET campaign was to identify the sources and processes governing aerosol composition in southern Ontario. Such processes include atmospheric aging of both (1) plumes from nearby emissions sources and (2) regional aerosol. The literature contains many studies investigating processing in urban or industrial outflow, as well as biomass burning plumes (e.g. Jimenez et al., 2009; Capes et al., 2008; Kleinman et al., 2008; Weber et al., 2007; Takegawa et al., 2006) . However, semi-Langrangian-type studies of the processing of regional aerosol, not significantly impacted by recent urban emissions, have not been extensively performed. Nonetheless, there is a general need to understand the timescales and characteristics of such aging in order to constrain the possible mechanisms and quantities of SOA that can be formed under different conditions. The present study provides an opportunity for measurement of regional aerosol processing and for comparison of such aging with that in urban outflow. Aerosol mass spectra are analyzed using positive matrix factorization (PMF) to assess changes in organic aerosol composition during atmospheric processing. For direct comparison of measurements collected simultaneously by different instruments at different sites, all measurements are combined into a single dataset for PMF analysis. This combined approach is necessary to ensure consistency in inter-site comparisons; otherwise, differences in the set of factor profiles obtained may bias comparisons. To our knowledge, this is the first application of PMF to such a dataset, although previous studies have applied PMF to mass spectral datasets collected from mobile sampling platforms.
Materials and methods

Sampling and instrumentation
Sampling for the BAQSMET field campaign was conducted from 20 June to 11 July 2007, from a number of stationary and mobile platforms in southwest Ontario. The data presented in this manuscript were obtained at two stationary ground sites: Harrow and Bear Creek. The locations of the sites and the region of study are shown in other BAQS-MET special issue publications such as Levy et al. (2010) and in Fig. S1 . Sampling at the Harrow site (42.03 • N, 82.90 • W) was performed from the MAPLE mobile laboratory (Mobile Analysis of ParticuLate in the Environment), deployed at an Agriculture Canada research station. This rural site is surrounded by farmland, and is located ∼5 km north of Lake Erie and ∼30 km south/southwest of the Detroit/Windsor metropolitan area. The Detroit/Windsor area is a major transportation hub and includes numerous industrial emissions sources such as automobile manufacturers, steel-making plants, petrochemical refineries, and coal fired power plants. In addition to outflow from Detroit/Windsor, the site is frequently influenced by industrial emissions from the Ohio River Valley and the midwest US, which are transported to the site from varying distances, including flow across Lake Erie. The Bear Creek site (42.51 • N, 82.34 • W) is located in a small wetlands area surrounded by farmland, approximately 60 km northwest of Harrow. Immediately west and southwest of the site is Lake St. Clair and the Detroit/Windsor area is on the opposite shore. The region between the Harrow and Bear Creek sites consists mostly of farmland. An airmass moving between the two sites would not be expected to encounter major emissions sources, with the possible exception of a major highway perpendicular to the Harrow-Bear Creek transect and approximately halfway between the sites.
Particle composition at both sites was measured by Aerodyne time-of-flight aerosol mass spectrometers (ToF-AMS, Aerodyne Research, Inc., Billerica, MA, USA). A unit mass resolution instrument (C-ToF-AMS) was deployed at Harrow (17 June to 10 July) and a high-resolution instrument (HRToF-AMS) was deployed at Bear Creek (28 June to 10 July). The AMS provides quantitative size-resolved mass spectra of the non-refractory component of submicron aerosol, where non-refractory is defined as material that vaporizes at ∼600 • C and ∼10 −7 torr. Instrument operating principles, calibration procedures, and analysis protocols are described in detail in the literature (e.g. DeCarlo et al., 2006; Drewnick et al., 2005; Allan et al., 2003; Jayne et al., 2000) . An important parameter in determining quantitative mass concentrations from AMS data is the bounce collection efficiency, defined as the fraction of particles impacting the vaporizer that actually vaporize and yield a mass spectrum. For the Harrow AMS, this parameter was calculated for particles larger than ∼215 nm by comparison of single particle mass spectra with light scattering pulses provided by an optical scattering module (Cross et al., 2009 ). The collection efficiency was estimated as the fraction of optically-detected particles yielding single particle mass spectra above background levels, and this ratio was assumed to apply across the entire detectable size range of the AMS. Generally, the collection efficiency was estimated at ∼0.6, consistent with estimates obtained during the previous month . However, during some periods values as high as ∼1 were observed. These increased values correspond with increased aerosol water content, and are believed to be due to temperature gradients between outdoor air and the sampling enclosure. The Bear Creek AMS did not have an optical scattering module, and collection efficiency was estimated at 0.57 by comparison of AMS and scanning mobility particle sizer (SMPS) (TSI, Inc., St. Paul, MN, USA) measurements using the method described in Slowik et al. (2010) .
The AMS particle composition measurements are discussed in conjunction with measurements by several other instruments. Volatile organic compounds (VOCs) were measured only at the Harrow site by a Proton Transfer ReactionMass Spectrometer (PTR-MS) (Lindinger et al., 1998; . In the PTR-MS, trace gases are ionized by H 3 O + ions generated by a cathode discharge in water vapor and detected using quadrupole mass spectrometry. Details of instrument operation, calibration, and performance during BAQS-Met are discussed by . Measurements of NO x and CO were performed at both sites. Measurements of NO, NO 2 , and NO y (sum of all nitrogen oxides) were measured using a TECO 42C analyzer (Thermo Electron Corporation, Waltham, MA, USA), which selectively converts nitrogen oxide species to NO and detects them by chemiluminescence. Instrument operation and performance during BAQSMET are discussed elsewhere (Markovic et al., 2010) . CO was measured using a TECO 48C infrared spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA).
Back trajectories
Back trajectories are utilized to identify potential particle sources and periods transport between sampling locations. In the present study, we discuss (1) back trajectories calculated using the NOAA HYSPLIT model (Draxler and Rolph, 2010; Rolph, 2010) and (2) back trajectories calculated using higher temporal and spatial resolution by a model developed by the Canadian Meteorological Centre (CMC) (D'Amours and Pagé, 2001 ). The CMC high-resolution trajectory model calculates air parcel back trajectories in 2-min sequential increments, arriving 500 m a.g.l. at the Harrow site. Trajectories are calculated with the GEM-LAM (Global Environment Multiscale-Local Area Model) model using a 2.5 km resolution grid with 58 vertical levels. Model domain for the BAQS-Met campaign covers the area bounded by latitude 39.5 to 46.6 • and longitude −77.7 to 86.5 • .
Positive matrix factorization (PMF)
The organic mass spectra from the AMS instruments at the Harrow (C-ToF-AMS) and Bear Creek (HR-ToF-AMS) are analyzed by positive matrix factorization (PMF). PMF is a statistical technique in which the organic mass spectral time series (X), is represented as a linear combination of a set of characteristic factor profiles (F) and their time-dependent intensities (G) (Paatero et al., 1994; Paatero, 1997) . PMF is thus described by the matrix equation X = GF + E, where E is the residual matrix, defined as the difference between the data matrix (X) and the fitted solution (GF). To permit direct comparison of factor mass loadings obtained at Harrow and Bear Creek, data from the two sites are combined into a single X matrix such that each row contains a complete mass spectrum from either Harrow or Bear Creek, and the total number of rows (6224) equals the total number of spectra acquired at Harrow (5389) plus the number at Bear Creek (835). The same structure applies to the associated uncertainty matrix S. HR-ToF-AMS data were reduced to unit mass resolution for this analysis. The PMF analysis was conducted using the PMF2 software package version 4.2 (P. Paatero, U. of Helsinki, Finland) in the robust mode, together with the CU AMS PMF Tool .
Uncertainties for the AMS data are calculated as discussed in the literature (Allan et al., 2003) . Briefly, the uncertainties are a convolution of a Poisson distribution representing ion counting statistics and a detector-dependent Gaussian distribution representing the variation in signal obtained for a single ion. Uncertainties are calculated independently for the background (i.e. blocked particle beam) and ambient (unblocked beam) signals and summed in quadrature, yielding the expression
. Here I o and I b are the ion signals in the unblocked and blocked (background) positions, t s is the sampling time, and α is a factor accounting for the width of the Gaussian ion signal distribution. A minimum error of 1 ion was applied throughout the S matrix, and the organic peaks calculated as a fraction of the CO + 2 ion (m/z 44, 18, 17, and 16) were downweighted as described elsewhere . Matrix rotations were explored by varying the f Peak parameter from −2.0 to 2.0. As discussed in Sect. 3.1, the selected solution was obtained at f Peak = 0.5. The solution was initiated from 100 random starting points ("seeds") at f Peak = 0.5; all convergent solutions were found to be consistent with the presented solution, which was obtained at seed = 1.
Results and discussion
Organic spectral analysis
As discussed in Sect. 2.2, the organic mass spectra from both AMS instruments were analyzed utilizing PMF. As noted above, this approach simplifies interpretation of the PMF results by ensuring consistency in the OA factors obtained at the two sites. A 4-factor solution was selected as the best representation of the data. Three of the four factors obtained (hydrocarbon-like organic aerosol, "HOA"; oxygenated organic aerosol, type 1 and 2, "OOA-1" and "OOA-2," where OOA-1 is the more oxygenated and less volatile) are similar to those obtained in previous PMF analyses of AMS data (e.g. Slowik et al., 2010; Lanz et al., 2007) . OOA-1 and OOA-2 have recently been identified with volatility, with OOA-1 denoted as "low-volatility OOA" (LV-OOA) and OOA-2 denoted as "semivolatile OOA" (SV-OOA) . Because the BAQS-Met data do not provide a means for evaluating volatility, the more general OOA-1 and OOA-2 terms are used here. The 4th factor ("UNKN") is hypothesized to result from the reactive uptake of biogenic VOCs onto fresh sulfate aerosol and/or condensation of early-generation isoprene oxidation products. A brief summary of the mass spectral and temporal characteristics of the factors is provided below. Solutions with additional factors were explored but could not be successfully interpreted. The 5-factor solution yielded 2 HOA-like factors with strongly correlated mass spectra and time series. The 6-factor solution represented OOA-like aerosol with 3 factors rather than 2. While we cannot rule out the possibility that these higher-order solutions contain real information, they cannot be meaningfully interpreted in the present study and the 4-factor solution is discussed below.
The selected solution was obtained at f Peak = 0.5. This solution represents the minimum Q-value for a 4-factor solution, although it is very similar to that obtained at f Peak = 0 (0.1% difference). These nearly identical Q-values indicate that the solutions are of similar goodness of fit. However, at f Peak = 0 the OOA-1 and OOA-2 spectra are too similar to each other to be distinguished reliably. On the other hand, the OOA-1 and OOA-2 spectra are significantly different at f Peak = 0.5. (For example, a characteristic difference between OOA-1 and OOA-2 spectra observed in many HOA is likely dominated by primary anthropogenic emissions and exhibits temporal correlation with anthropogenic emission tracers such as toluene (R = 0.55 at Harrow; not measured at Bear Creek) and a slight correlation with NO x (R = 0.15 at Harrow, 0.21 at Bear Creek) (see Fig. 2 ). Despite the slight correlation with NO x , inspection of Fig. 2 indicates that elevated HOA typically corresponds to elevated NO x ; the low R-value is caused by periods of elevated NO x that do not contain significant concentrations of HOA. Such high NO x /low HOA periods would be expected from sources such as gasoline vehicles, which were known to periodically influence the site. The factor mass spectrum is similar to previously reported HOA spectra (e.g. Slowik et al., 2010; Lanz et al., 2007) , as well as unburnt fuel and lubricating oil (Zhang et al., 2005) . The spectrum is dominated by mass fragments characteristic of alkanes (m/z 29, 43, 57, 71,...) and a second m/z series (m/z 27, 41, 55, 69,...) possibly resulting from H 2 -neutral losses from alkyl fragments (Zhang et al., 2005) . This second series may result from alkenes; low molecular weight species are known to be present in diesel exhaust (McLaren et al., 1996a, b) , likely due to H 2 -neutral losses and demethylation processes in the combustion chamber (Siegl, 1992) , and it is likely that higher molecular weight species are present as well.
The OOA-1 and OOA-2 factor mass spectra are also similar to those obtained in other locations (e.g. Slowik et al., 2010; Lanz et al., 2007 ). An important difference between the two factors is the fractional contribution of the CO (R = 0.60 at Harrow; 0.86 at Bear Creek) and acetone (0.72 at Harrow; not measured at Bear Creek), both of which are long-lived (i.e. more than a few days) and strongly influenced by regional transport. The correlations between OOA-2 and (1) particulate NO − 3 (R = 0.53 at Harrow; 0.44 at Bear Creek) and (2) short-lived (i.e. <1 day) gas-phase oxidation products methacrolein + methyl vinyl ketone (R = 0.59 at Harrow; not measured at Bear Creek) respectively suggest that OOA-2 is more volatile and fresher than OOA-1. These hypothesized volatility and age differences are consistent with the conclusions of previous studies (e.g. Slowik et al., 2010) .
UNKN is a minor component of the organic aerosol except during the final 3 days of the study, when winds shift to the south/southwest. The factor is unique in having significant signal at m/z 82. The m/z 82 time series is wellrepresented by the solution, with the correlation of raw and reconstructed data yielding R = 0.96. HR-ToF-AMS measurements at Bear Creek indicate that the signal at this ion is dominated by C 5 H 6 O + and a lesser contribution from C 6 H + 10 with H 2 SO + 3 constituting only a few percent of the total. Recent studies conducted in the tropical forest indicated the presence of methylfuran in the condensed phase (Robinson et al., 2011) , postulated to result from isoprene photooxidation. The UNKN factor identified in this study was likewise observed during a period of high isoprene and low aromatics, suggesting a biogenic influence . We therefore tentatively attribute the observed C 5 H 6 O + to methylfuran, although other structures are possible. A second unusual peak occurs at m/z 31, and HR-ToF-AMS measurements suggest this is due to CH 3 O + , which likely consists of CH 3 -O + (probably from a methyl ester or ether) and/or H 2 C=OH + (probably from an alcohol). Strong signal at m/z 31 and 82 is unusual for ambient AMS spectra, which suggests that the factor can be attributed to very fresh aerosol, because AMS spectra tend to become similar (i.e. OOA-1-like) with age across a variety of environments, independent of the initial source(s) (e.g. Ng et al., 2010; Jimenez et al., 2009; Capes et al., 2008) . The CO + 2 ion (m/z 44) constitutes only 0.01 of the spectrum, suggesting a low O:C ratio consistent with fresh emissions. During the highest concentrations of the UNKN factor (9 July), AMS measurements indicate a sulfate plume (see Fig. 1 ). This agrees with AURAMS air quality model predictions of a sulfate plume from the Ohio Valley region . Taken together with the evidence for biogenic activity discussed above, this observation suggests the UNKN factor may be due to the reactive uptake of isoprene onto preexisting sulfate aerosol and/or condensation of early-generation isoprene reaction products. Although this factor is classified as a "secondary factor" for the analysis below, this classification does not significantly affect the results because UNKN consitutes a minor fraction of the total aerosol during the selected case study periods (see Table 1 ). Figure 3 shows the AMS time series for inorganic species and total organics (Fig. 3a) , as well as the PMF factors discussed in the previous section (Fig. 3b) . The figure contains three shaded regions corresponding to case study time periods discussed below. Green shading denotes a period of north-to-south flow (referred to here as Bear Creek-toHarrow) and red shading indicates south-to-north flow (denoted Harrow-to-Bear Creek). During the blue shaded period, the sampling region was influenced by outflow from the Detroit/Windsor/Windsor urban area. While we use the Bear Creek-to-Harrow and Harrow-to-Bear Creek labels for clarity, the periods should be viewed more generally as northerly and southerly flow, as opposed to direct flow proceeding unambiguously from one site to the other. A brief discussion of the particle sources and composition during each period follows.
Description of case study periods
For the period of Bear Creek-to-Harrow transport (29 June to 1 July, green shading), air arrives at the sample site from sparsely populated regions to the north. Back trajectories to both sites during this period are shown in Fig. 4 . OA concentrations as a function of wind direction and speed are presented in the Supplement (Fig. S1 ). The HYSPLIT trajectories (Fig. 4a) show northerly flow, while local wind directions ( Fig. S1a and b) indicate flow from the north/northeast. Taken together and as shown by the high-resolution trajectories (Fig. 4b) , this suggests that the airmass follows a path passing east of the Detroit/Windsor region and thus brings relatively aged air that is relatively unaffected by fresh anthropogenic emissions. Figure 3 shows that the particle composition is dominated by organics. Sulfate levels are below 2 µg m −3 , except during afternoon events on 30 June and 1 July at both sites. The Harrow sulfate event on 1 July and both Bear Creek sulfate events are likely due to the petrochemical industry emissions from Sarnia, ON and/or the Lambton coal-fired power plant (∼10 km south of Sarnia). These events do not appear to affect the OA composition. However, the 30 June sulfate event at Harrow corresponds with a change in wind direction to the southwest (see Fig. 3c ). As is evident from Figs. 2 and 3, sulfate during this event correlates with OOA-1, similar to the observed power plant emissions during the Harrow-to-Bear Creek period, discussed below. Additionally, SO 2 levels are much higher during the 30 June event at both sites than at other times during the period (including 1 July). These observations suggest that the Harrow measurements during the 30 June sulfate event do not represent Bear Creek-to-Harrow transport. The high SO 2 suggests fresh emissions; likely sources include the Detroit/Windsor area and/or a major coal-fired power plant in Monroe, MI, on the western shore of Lake Erie. This analysis is supported by high-resolution back trajectories (Fig. 4b , pink trajectory). Therefore measurements on 30 June from 14:50 to 16:15 are excluded from further analysis. As discussed in Sect. 3.4, trends in the concentration of primary and secondary organic aerosol factors at the two sites suggest that emissions between Harrow and Bear Creek do not drive inter-site changes in the organic aerosol composition.
During the Harrow-to-Bear Creek period (4 July to 5 July, red shading in Fig. 3) , air is transported to the sample region from the south/southwest. This is shown by back trajectories (Fig. 5) and wind rose plots colored by OA concentration (Fig. S2) . The trajectories suggest that air arriving at Bear Creek passed very close to the Detroit/Windsor area; possible influences of this plume on the Bear Creek measurements are discussed in Sect. 3.4. SO 2 emissions from power plants in the Ohio Valley are expected to strongly influence the particle composition. This is reflected in the high concentrations of particulate sulfate (see Fig. 3 ). Organics are dominated by SOA species, i.e. OOA-1 and OOA-2, which taken together constitute 68% of OA at Harrow and 89% at Bear Creek during this period. Transport of this type also occurs from 24 June to 27 June, resulting in similar aerosol composition. However, Bear Creek measurements are not available for the 24-27 June period.
From 5 June to 7 June (blue-shaded region in Fig. 3 ), the sampling region was influenced by the Detroit/Windsor outflow. Similar to the other case studies, Fig. 6 shows back trajectories and Fig. S3 shows wind rose plots for this period. Similar to the Bear Creek-to-Harrow period (Fig. 4a) , back trajectories for the Detroit/Windsor period (Fig. 6a) indicate that the airmass originates from sparsely populated areas to the north/northwest of the sampling region. In contrast, measurements of local wind speed and direction at the Harrow site (Fig. S3a) show prevalent westerly winds. These observations, together with high-resolution back trajectories (Fig. 6b) suggest that the airmass samples emissions from the Detroit/Windsor area, continues southwards to Lake Erie, and then back N/NE in the lake breeze to Harrow. The age of the Detroit/Windsor plume varies from ∼0.5 to >1 day (Levy et al., 2010); this variation in age is reflected in the NO x /NO y ratio, as discussed in the next section. In contrast, back trajectories to Bear Creek pass east of Detroit/Windsor, and local wind direction is variable. This suggests that during this period, Bear Creek is not strongly influenced by Detroit/Windsor air. Such an interpretation is supported by the chemical data, as discussed below.
Photochemical processing as characterized by NO x /NO y ratio
Figures 7 to 9 consider photochemical aging by investigating the CO-normalized organic components as a function of the NO x /NO y ratio, changes to which are taken as an indication of photochemical processing. NO x (NO + NO 2 ) is mostly emitted as NO a steady-state mixture with NO 2 is rapidly formed by reaction with O 3 . Further oxidation reactions yield species such as HNO 3 , PAN, and organic nitrates. The total of NO x and its oxidation products are denoted as NO y . In Figs. 7 to 9, we use the quantity −log(NO x /NO y ) as a surrogate for photochemical age. For fresh emissions, −log(NO x /NO y ) = 0, and −log(NO x /NO y ) = 1 when 90% of NO x is converted to NO y . This expression has been previously used as an estimate of photochemical age the Mexico City plume (Kleinman et al., 2008) .
The NO x /NO y ratio provides a crude estimate of the photochemical age. We assume that the major NO x loss process is the reaction OH + NO 2 →HNO 3 . The photochemical age t can therefore be represented as:
We assume all NO y originates as NO x and that there are no significant local sources of NO x . Therefore (NO x ) 0 = (NO y ). The rate constant k is estimated to be 7.9 × 10 −12 cm 3 s −1 at 1 atm and 300 K using the parameterization of Brown et al. (1999) . The mean daytime (OH) is estimated at 3.6 × 10 6 molec cm −3 from the ratios of toluene and C 8 aromatics . The estimated photochemical age therefore corresponds to effective daylight hours.
This estimate does not account for nocturnal NO x loss via N 2 O 5 hydrolysis, which is known to be a major NO x sink in some regions. Diurnal profiles for −log(NO x /NO y ) (see Fig. S10 ) show that the ratio is stable overnight, but increases during the day at a rate approximately consistent with the estimated photochemical age. This suggests that photochemical reactions are the primary influence on the NO x /NO y ratio, although other influences cannot be ruled out. The photochemical age estimate also does not account for other NO x loss processes or reservoirs, e.g. NO x production by photolysis of HNO 3 , nocturnal conversion to HNO 3 by reaction of NO 2 with O 3 and H 2 O, formation of PAN, etc. Using the above method, we estimate that NO x /NO y ratios of 0.9, 0.5, and 0.1 correspond to ∼1 h, ∼7 h, and ∼22 h, respectively.
In considering these figures, a distinction should be drawn between using the NO x /NO y ratio as an estimate of absolute photochemical age vs. using changes in the ratio as an indication of photochemical processing. The former assumes the ratio to be governed by compounds emitted at the source and their subsequent reactions. However, the presence of significant NO x sources between the initial source and the measurement site may revert the ratio to values indicating unprocessed aerosol, if these sources are stronger than the diluted initial plume. Such is likely the case for the regional aerosol sampled at Bear Creek in Fig. 7 and at both sites in Fig. 8 : fresh NO x emissions were injected into an existing regional aerosol. In the present study, examples of likely sources of such emissions include the highway running perpendicular to the Harrow/Bear Creek transect, as well as secondary highways and rural roads in this region. Therefore, equal NO x /NO y ratios do not necessarily indicate identical photochemical ages when one compares different airmasses or the same airmass sampled at different sites. However, once the NO x /NO y ratio has been reverted to "fresh" values, the ratio again decreases with age. Therefore, we assume that for a single airmass sampled at a single site, the dependence of aerosol composition on the NO x /NO y ratio (i.e. the slopes in Figs. 7 and 8) can be used to compare photochemical processing rates on comparable timescales. For a given time period, intercepts will be the same at the two sites only if (1) both airmasses originate from the same location and (2) all photochemical aging is reflected in the NO x /NO y ratio.
The Detroit/Windsor plume is characterized by rapid SOA formation from oxidative processing. Figures 7 and 8 show CO-normalized concentrations of SOA (estimated as OOA-1 + OOA-2 + UNKN), and the OOA-1 and OOA-2 components (Fig. 7 only) as a function of photochemical age. Photochemical age is represented by the NO x /NO y ratio, plotted as −log(NO x /NO y ). Note that the similar range of NO x /NO y ratios during the two periods reflect the influence of diurnal cycles, i.e. sunlight, on the NO x chemistry and photochemical age. Particulate organic concentrations are normalized to CO to account for dilution, with a CO background of 0.08 ppmv subtracted prior to normalization, consistent with summer measurements in the Northern Hemisphere (Li et al., 2004; Parrish et al., 2004) . To reduce the influence of outlying values caused by low CO levels, only data where CO > 0.15 ppmv are considered. CO is co-emitted with combustion-related anthropogenic SOA precursors and has a relatively long atmospheric lifetime, thus its concentration at the measurement sites is expected to be mostly governed by emissions source strength and dilution. Although photochemically-produced CO can constitute a large fraction of total CO in airmasses dominated by biogenic emissions Hudman et al., 2008; Miller et al., 2008) , this is expected to constitute a minor source in polluted air, such as that observed during the Detroit/Windsor and Harrow-to-Bear Creek periods. However, a contribution from photochemically-produced CO during the relatively clean Bear Creek-to-Harrow period cannot be ruled out. Generally, increases in the organic to CO ratio are expected to represent atmospheric processing as polluted air moves away from the source (e.g. Kleinman et al., 2009 DeCarlo et al., 2008) .
We first consider the Detroit/Windsor outflow period (Fig. 7) . In particular, the Harrow data show a strong positive correlation of (CO-normalized) SOA, OOA-1, and OOA-2 mass with photochemical age. In contrast, the mass of these components at the Bear Creek site is nearly independent of the NO x -based estimate of photochemical age. This suggests that Bear Creek is not strongly influenced by Detroit/Windsor outflow during this period and that the particle composition is characteristic of a more regional aerosol. Unlike Harrow, values for −log(NO x /NO y ) at Bear Creek do not go below ∼0.1, supporting the inference of more aged/regional aerosol at Bear Creek discussed above. The slope of the CO-normalized SOA vs. −log(NO x /NO y ) plot (Fig. 7a) at Harrow is considerably larger than that observed in airborne measurements of Mexico City outflow taken up to 1 day from the source (slope of CO-normalized SOA vs. −log(NO x /NO y ) at Harrow = 189.2 µg m −3 ppmv −1 vs. 71.4 µg m −3 ppmv −1 at Mexico City) (Kleinman et al., 2008) , but is in reasonably good agreement with ground site measurements at Mexico City characterizing aging over ∼6 h ) (Harrow SOA increase = 10.1 µg m −3 ppmv −1 h −1 vs. Mexico City SOA increase = 10.5 µg m −3 ppmv −1 h −1 ). The reasons for these differences are not known, but may be related to (1) presence of biogenic SOA, (2) the age of the airmass sampled, and/or (3) assumptions inherent in the use of NO x /NO y to estimate photochemical age.
Modeling studies indicate that SOA formed from oxidation of monoterpene precursors constitutes a significant fraction of the measured SOA, even within the Detroit/Windsor plume . A biogenic SOA event observed north of Toronto exhibited a greatly enhanced organics/CO ratio (234.4 µg m −3 ppmv −3 ), with the increase driven by the SOA component .
The Detroit/Windsor plume was sampled approximately 6 h from the source vs. up to 1 day in Mexico City. Photochemical SOA production has been shown to slow as distance from the source increases ) and precursors are consumed. While the trend at Harrow of increasing SOA/CO with photochemical age is clear in Fig. 7 , such slowing was not observed. Further, the Mexico City results showed more rapid initial formation of OOA-2 over timescales of less than 3 h; this is also not observed in the Detroit/Windsor plume. However, such trends in the Detroit plume could be masked by the significant scatter in the data (e.g. SOA/CO ranges from ∼40 to 200 µg m −3 ppmv −3 for −log(NO x /NO y ) = 0.3). This scatter may be due to (1) changes in the strength and/or identity of sources contributing to the sampled plume, (2) biogenic SOA production, and/or (3) imperfections in the estimate of photochemical age.
The y-intercepts for each factor (i.e. SOA, OOA-1, OOA-2) in Fig. 7 provide additional support for the interpretation of the Harrow and Bear Creek measurements during this period as characteristic of Detroit/Windsor outflow and regional aerosol, respectively. In this plot, the y-intercept may correspond to (1) primary emissions and/or (2) the regional background onto which the Detroit/Windsor plume is superimposed. That is, for a plume the y-intercept denotes conditions at the point of emissions (negligible aging), but the contribution of the plume cannot be distinguished from preexisting aerosol, i.e. the regional background. As discussed above, the Bear Creek data likely represent this regional background. Figure 7 shows nearly identical yintercepts at the two sites for both the total SOA (Fig. 7a) and the individual OOA-1 and OOA-2 factors (Fig. 7b and c,  respectively) . This suggests that the Harrow y-intercepts also represent the regional background (which would be expected to be similar at the two sites), rather than primary emissions of oxygenated species in the Detroit/Windsor plume. Figure 8 shows the normalized concentrations of SOA, OOA-1, and OOA-2 as a function of photochemical age during the Bear Creek-to-Harrow and Harrow-to-Bear Creek periods. Similar to the regional aerosol observed at the Bear Creek site during the Detroit/Windsor plume, these plots show at most a slight increase in mass with photochemical age. However, the two sites have different y-intercepts during the Harrow-to-Bear Creek period. As discussed in the following section, this suggests processing during inter-site transport.
Photochemical processing from inter-site transport
Periods of flow between the Bear Creek and Harrow sites permit characterization of the changes in regional aerosol composition. This provides a contrast with analysis of the Detroit/Windsor urban plume (see Sect. 3.3). Table 1 compares the organic composition at the two sampling locations during the periods of inter-site transport described above. During Harrow-to-Bear Creek transport, organics/ CO increases by a factor of 1.78 (increase of 37.1 µg m −3 ppmv −1 ), suggesting SOA formation on the timescale of inter-site transport. Such a mass increase is not observed during Bear Creek-to-Harrow transport, as organics/ CO only increases by a factor of 1.10 (net increase of 4.3 µg m −3 ppmv −1 ). This is consistent with slower SOA formation in an airmass that is older and/or more dilute with respect to anthropogenic and biogenic emissions sources. Further, it suggests emissions from the highway running perpendicular to the Bear Creek/Harrow transect did not significantly affect the particulate organics.
SOA formation during Harrow-to-Bear Creek transport is supported by inspection of the CO-normalized concentrations of the individual PMF factors. Table 1 shows that the increase in organic mass can be attributed to the OOA factors. This increase (and lack of increase during the Bear Creekto-Harrow period) are also evident from comparisons of the y-intercepts in Fig. 8 . That is, the higher y-intercept at Bear Creek during the Harrow-to-Bear Creek period (Fig. 8a) suggests inter-site processing not accounted for by the NO x /NO y ratio. Interestingly, Table 1 shows increases in both OOA-1 and OOA-2, suggesting that SOA formation is occurring in both the more oxygenated/less volatile and less oxygenated/more volatile SOA components. For the Harrow-toBear Creek period (anthropogenically source-rich), increases in the OOA components are of similar magnitude ( OOA-1: 18.8 µg m −3 ppmv −1 , a factor of 1.97 increase; OOA-2: 26.6 µg m −3 ppmv −1 , a factor of 3.44). For the Bear Creekto-Harrow period (sparse anthropogenic sources), OOA-1 increases slightly (by 4.4 µg m −3 ppmv −1 ) and OOA-2 decreases (by 11.6 µg m −3 ppmv −1 ). These changes in composition may represent conversion of OOA-2 to OOA-1 through heterogeneous processing and/or gas-phase processing of OOA-2, which as described in Sect. 3.1 is expected to be somewhat volatile. The increases in normalized OOA-1 and OOA-2 shown in Table 1 for the Harrow-to-Bear Creek period are driven by increases in the component mass (OOA-1 and OOA-2 increase between sites by factors of 1.8 and 2.8, respectively) rather than by a decrease in CO (decreases by a factor of 0.95). Table 1 also shows higher concentrations of primary species (i.e. HOA) at Harrow during both periods of inter-site transport. This is likely due to the influence of local emissions near the Harrow site, e.g. from local roads and activity at the Agriculture Canada site at which measurements were made. However, the concentrations of both factors are typically low (<∼1 µg m −3 ), except for a few brief periods of local emissions during which the concentrations of the OOA species are not significantly affected. Taken together, these two observations (i.e. higher primary factor concentrations at Harrow regardless of flow direction and consistently low concentrations at both sites) suggest that primary emissions between sites do not greatly affect the particle composition. For OOA-1 and OOA-2, the strikingly different behavior in the Harrow-to-Bear Creek vs. Bear Creek-to-Harrow periods indicates that emissions between sites do not drive the changes in SOA factor concentrations.
In interpreting the Harrow-to-Bear Creek data, an important question is the extent to which emissions from the Detroit/Windsor area affect particle composition, particularly at the Bear Creek site. Figure 5a shows that back trajectories arriving at Bear Creek during this period pass close to Detroit/Windsor; we therefore cannot altogether rule out some influence from this area. However, the following features of the Bear Creek chemical data suggest that the Detroit/Windsor plume does not drive the observed changes in particle composition between sites:
1. Concentrations of the primary organic factor HOA are low at Bear Creek. The mean value for CO-normalized HOA at Bear Creek (4.8 µg m −3 ppmv −3 ) is equal to the minimum value observed at Harrow in the Detroit/Windsor plume (see Table 1 ). However, most observed values in the plume are considerably higher, reaching a maximum of 41.3 µg m −3 ppmv −3 . Further, the absolute concentrations of HOA, shown in Fig. 3 , are lower by a factor of 2 to 10 at Bear Creek during the Harrow-to-Bear Creek period than in the Detroit/Windsor plume at Harrow. Table 2 ) are slightly lower at Bear Creek during the Bear Creek-to-Harrow period than at Harrow in the Detroit/Windsor plume. However, CO concentrations measured in the plume at Harrow feature numerous excursions as the plume location changes, yielding a maximum of 0.86 ppmv and a standard deviation of 0.12 ppmv. In contrast, Bear Creek CO measurements during the Harrow-to-Bear Creek period are quite stable (standard deviation = 0.02 ppmv) and yield a maximum value of only 0.26 ppmv.
Mean CO values (see
3. The fractional composition of organics at Bear Creek during the Harrow-to-Bear Creek period is distinct from composition in the Detroit/Windsor plume. As shown in Table 1 , measurements of the Detroit/Windsor plume at Harrow shows HOA to be roughly a factor of 2 to 3 lower than each of the OOA factors. Figure 3 shows this value to be approximately consistent throughout the period. However, at Bear Creek during the Harrow-toBear Creek period, HOA is approximately a factor of 8 lower than either OOA factor. Further, measurements at Harrow during the Harrow-to-Bear Creek period show HOA to be no more than a factor of ∼2 lower than the OOA factors. Therefore the particle composition during the Harrow-to-Bear Creek period becomes less similar to that in the Detroit/Windsor plume as the particles move between sites, suggesting that the plume is not driving particle composition. Figure 9 shows the organic composition during the three case study periods discussed above. Here organic composition is represented according to the framework presented by Ng et al. (2010) (Ng et al., 2010) . As discussed by Ng et al. (2010) , atmospheric processing generally causes OA composition to move upwards and to the left in this space because of the addition of oxygenated functional groups. Such a trend is observed in the present study for the Harrow-to-Bear Creek period and Detroit/Windsor plume processing observed at Harrow. However, the opposite behavior is seen during the Bear Creek-to-Harrow period because of the combination of low SOA mass and contamination from local primary emissions. When primary emissions factors (i.e. HOA and UNKN) are removed from the Bear Creek-to-Harrow period, these data also move towards the upper left with increasing age. This is implied in Table 1 by higher OOA-1 and lower OOA-2 at Harrow. Based on the straight-line distance between the two sites and locally-measured wind speeds, inter-site transport is expected to occur on the order of 7 to 9 h. This provides a rough estimate for the timescale of SOA formation during the Harrow-to-Bear Creek period, during which SOA increases by a factor of ∼2.5. For comparison, SOA in Mexico City outflow was observed to increase by a factor of ∼2 within ∼3 h ). However, SOA production in the Mexico City plume slowed considerably after this initial period, with aging to ∼6 h yielding a much smaller increase.
Although the estimates of photochemical age and transport time used here are only semiquantitative, they can be used to obtain an approximate picture of the aging process. As noted in Sect. 3.3, SOA formation in the Detroit/Windsor plume occurred at a comparable rate to that observed at ground sites in Mexico City over ∼6 h (10.1 µg m −3 ppmv −1 h −1 for Detroit vs. 10.5 µg m −3 ppmv −1 h −1 for Mexico City). Assuming ∼8 h for transport between Harrow and Bear Creek, the Harrow-to-Bear Creek period yields an SOA production rate of 5.3 µg m −3 ppmv −1 h −1 . Such slowing of the SOA production rate is consistent with the slowing behavior observed in Mexico City, as the Detroit/Windsor plume is expected to contain fresher emissions than the airmass sampled during the Harrow-to-Bear Creek period. For the Bear Creek-toHarrow period, SOA formation has entirely stopped, yielding an SOA production rate of −0.4 µg m −3 ppmv −1 h −1 .
This trend of decreasing SOA formation also extends to the individual OOA-1 and OOA-2 factors. The OOA-1 production rates in the Detroit/Windsor and Mexico City (∼6 h average) plumes are again in good agreement (4.3 and 4.2 µg m −3 ppmv −1 hr −1 , respectively). This rate decreases to 2.4 µg m −3 ppmv −1 h −1 for the Harrowto-Bear Creek period and to 0.6 µg m −3 ppmv −1 h −1 for Bear Creek-to-Harrow. For OOA-2, the Detroit/Windsor plume is somewhat lower than ∼6 h Mexico City (4.1 vs. 6.3 µg m −3 ppmv −1 h −1 ). However, net OOA-2 production in Mexico City essentially ceases after ∼3 h, while the Detroit/Windsor measurements are averaged over approximately 0 to 10 h of aging (see Fig. 7 ). The Harrowto-Bear Creek period yields a slower production rate, 3.3 µg m −3 ppmv −1 h −1 than either Detroit/Windsor or Mexico City. The Bear Creek-to-Harrow period shows decreasing OOA-2, with a production rate of −1.5 µg m −3 ppmv −1 h −1 . This may suggest conversion of OOA-2 to OOA-1 and/or volatilization of OOA-2 oxidation products.
During the Detroit/Windsor outflow and Harrow-to-Bear Creek periods, the significant SOA formation and increases in the OOA-1 component emphasize the importance of highly oxidized, early-generation SOA products in polluted air. These rapid processes appear dominant on the approximately timescale investigated (up to ∼10 h). However, this timescale is too short to rule out important contributions to SOA from aging processes acting over multiple days.
Conclusions
ToF-AMS instruments were deployed at two sites in southwestern Ontario during the BAQS-Met sampling campaign in summer 2007. PMF analysis was performed on a single dataset containing the mass spectral time series from both instruments. This is the first application of PMF to simultaneous AMS measurements at different sites; the method provides for self-consistent, direct comparison of the datasets. The PMF analysis yielded factors related to secondary oxidation processes (OOA-1, OOA-2) and primary emissions (HOA), as well as a factor tentatively attributed to the reactive uptake of isoprene uptake and/or its earlygeneration reaction products (UNKN). Case study periods were identified to study processing of (1) an urban plume (i.e. Detroit/Windsor outflow) and (2) regional aerosol during periods of inter-site transport. Regional aerosol processing was evaluated by comparison of AMS measurements performed simultaneously at two different sites during periods of inter-site transport. In the Detroit/Windsor outflow, SOA production was observed as a function of photochemical age as represented by the NO x /NO y ratio. In contrast, the regional aerosol did not exhibit a strong correlation between SOA and NO x /NO y at either site. However, evidence for continued atmospheric processing of regional SOA was observed by comparison of CO-normalized SOA concentrations at the two sites during periods of inter-site transport. Similar to previous measurements, the formation rate of SOA and SOA components decreased with airmass age. Rapid production (10.1 µg m −3 ppmv −1 CO h −1 ) was observed in Detroit/Windsor outflow, with reduced or near-zero values obtained from older airmasses.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/11/2991/2011/ acp-11-2991-2011-supplement.pdf.
